Individual neutral atoms excited to Rydberg states are a promising platform for quantum simulation and quantum information processing. However, experimental progress to date has been limited by short coherence times and relatively low gate fidelities associated with such Rydberg excitations. We report progress towards high-fidelity quantum control of Rydberg atom qubits. Enabled by a reduction in laser phase noise, our approach yields a significant improvement in coherence properties of individual qubits. We further show that this high-fidelity control extends to the multi-particle case by preparing a two-atom entangled state with a fidelity exceeding 0.97(3), and extending its lifetime with a two-atom dynamical decoupling protocol. These advances open up new prospects for scalable quantum simulation and quantum computation with neutral atoms.
Neutral atoms are attractive building blocks for largescale quantum systems. They can be well isolated from the environment, enabling long-lived quantum memories. Initialization, control, and read-out of their internal and motional states is accomplished by resonance methods developed over the past four decades [1] . Recent experiments demonstrated that arrays with a large number of identical atoms can be rapidly assembled while maintaining single-atom optical control [2] [3] [4] . These bottom-up approaches are complementary to the methods involving optical lattices loaded with ultracold atoms prepared via evaporative cooling [5] , and generally result in atom separations of several micrometers. In order to utilize these arrays for quantum simulation and quantum information processing, it is necessary to introduce controllable interactions between the atoms. This can be achieved by coherent coupling to highly excited Rydberg states, which exhibit strong, long-range interactions [6] . Over the past decade, this approach has emerged as a powerful platform for many applications, including fast multi-qubit quantum gates [7] [8] [9] [10] [11] [12] [13] , quantum simulations of Ising-type spin models with up to 250 spins [14] [15] [16] [17] [18] [19] [20] , and the study of collective behavior in mesoscopic ensembles [21] [22] [23] [24] [25] . Despite these impressive demonstrations, experimental progress to date has been limited by short coherence times and relatively low gate fidelities associated with such Rydberg excitations [8] . This imperfect coherence limits the quality of quantum simulations, and especially dims the prospects for neutral atom quantum information processing. The limited coherence becomes apparent even at the level of single isolated atomic qubits [26] .
This Letter reports the experimental realization of high-fidelity quantum control of Rydberg atom qubits. We show that by reducing laser phase noise, a significant improvement in the coherence properties of individual qubits can be achieved, consistent with recent theoretical analysis [26] . We further demonstrate that this high-fidelity control extends to the multi-particle case by preparing a two-atom entangled state with a fidelity exceeding 0.97 (3) . Finally, we extend the lifetime of the prepared Bell state with a novel two-atom dynamical decoupling protocol.
Our experimental setup has been described in detail previously [3, 17] . We deterministically prepare individual cold Rubidium-87 atoms in optical tweezers at programmable positions in one dimension. The atoms are initialized in a Zeeman sublevel |g = |5S 1/2 , F = 2, m F = −2 of the ground state via optical pumping in a 1.5 G magnetic field. We then rapidly switch off the tweezer potentials, and apply a laser field to couple the atoms to the Rydberg state |r = |70S, J = 1/2, m J = −1/2 . After the laser pulse of typical duration 3-8 µs, we restore the tweezer potentials. Atoms that are in the ground state are recaptured by the tweezers, whereas those left in the Rydberg state are pushed away by the tweezer beams [26] . This simple detection method has Rydberg state detection fidelity f r = 0.96(1) and ground state detection fidelity f g ranging from 0.955(5) to 0.990(2), depending on the trap-off time [27] .
In our experiments, the Rydberg states are excited via a two-photon transition. A 420 nm laser is blue detuned by ∆ from the transition from |g to |e = |6P 3/2 , F = 3, m F = −3 . A second laser field at 1013 nm couples |e to |r . The two lasers are polarized to drive σ − and σ + transitions, respectively, such that only a single intermediate sublevel and Rydberg state can be coupled, avoiding the population of additional levels and associated dephasing (see Fig. 1(a) ).
The two lasers (external-cavity diode lasers from MogLabs) are frequency stabilized by a Pound-DreverHall (PDH) lock to an ultra-low expansion reference cavity (StableLasers). The PDH lock strongly suppresses laser noise at frequencies below the effective bandwidth of the lock, resulting in narrow linewidths of < 1 kHz, as 
The lasers are locked to a reference cavity whose narrow transmission window (shaded region in inset) suppresses high-frequency phase noise. This transmitted light is used to injection lock a Fabry-Perot (FP) laser diode. The laser diode output is focused onto the array of atoms trapped in optical tweezers, with a small pickoff onto a reference CCD camera used for alignment. (c) Resonant two-photon coupling induces Rabi oscillations between |g and |r . The upper plot is a typical measurement from the previous setup used in [17] . The lower plot shows typical results with the new setup, with a fitted coherence time of 27(4)µs. Each data point is calculated from 50-100 repeated measurements, averaged over two identically-coupled atoms separated by 23 µm such that they are non-interacting. Error bars are 68% confidence intervals. Solid lines are fits to experimental data, and the dotted lines indicate the expected contrast from the numerical model.
estimated from in-loop noise. However, noise above the lock bandwidth cannot be suppressed, and can be amplified at high locking gain. This results in broad peaks in phase noise around ∼ 2π × 1 MHz (see inset of Fig.  1(b) ). This high-frequency phase noise has been reported as a known coherence limitation in Rydberg experiments [26] and experiments with trapped ions [28, 29] , and has also been studied in the context of atomic clocks [30] .
To suppress this phase noise, we follow the approach of [28, 29, 31, 32] in which the reference cavity is used as a spectral filter. In particular, the transmission function of the cavity is a Lorentzian with a full-width at half maximum of Γ ∼ 2π × 500 kHz (corresponding to a finesse of F ∼ 3000). When the laser is locked, its narrow linewidth carrier component is transmitted through the cavity, whereas the high-frequency noise at 2π × 1 MHz is suppressed by a factor of 4. To amplify this light at both 420 and 1013 nm, we split the two colors and use each beam to injection lock a separate laser diode (1013 nm from Toptica, 420 nm from TopGaN), which inherits the same spectral properties. This amplifies the spectrally pure transmitted light to 5 mW of 420 nm and 50 mW of 1013 nm light. While the 420 nm power is sufficient to drive the blue transition directly, the 1013 nm is further amplified by a tapered amplifier (MogLabs).
We focus both lasers onto the atom array in a counterpropagating configuration to minimize Doppler shifts due to finite atomic temperature. The 420 (1013) nm laser is focused to a waist of 20 (30) µm. We achieve singlephoton Rabi frequencies of Ω B 2π × 60 MHz (Ω R 2π × 40 MHz). At our intermediate detuning of ∆ 2π × 600 MHz, this leads to a two-photon Rabi frequency of Ω = Ω B Ω R /(2∆) 2π ×2 MHz. Each beam is powerstabilized to < 1% by an acousto-optic modulator that is also used for fast (∼ 20 ns) switching. To minimize sensitivity to pointing fluctuations, we ensure well-centered alignment onto the atoms using a reference camera (depicted in Fig. 1(b) ) and an automatic beam alignment procedure [27] .
With these technical improvements in place, we measure long-lived Rabi oscillations with a 1/e lifetime of τ = 27(4) µs, to be compared with a typical 7 µs lifetime in previous experiments [17] (see Fig. 1(c) ). Importantly, we observe excellent agreement between these new measurements and a simple numerical model for our single-atom system, indicated by dotted lines in Fig.  1 (c). The numerical model has no free parameters and accounts only for the effects of random Doppler shifts at finite atomic temperature, off-resonant scattering from the intermediate state |e , and the finite lifetime of the Rydberg state |r (see [27] for details). The results from the numerical model are additionally scaled to account for detection fidelity.
Next, we characterize the coherence of single atoms and demonstrate single-qubit control. To begin, we experimentally measure the lifetime of the Rydberg state in Fig. 2 (a). The measured T 1 = T r→g = 51(6) µs is consistent with the 146 µs Rydberg state lifetime [33] when combined with the ∼ 80 µs timescale for off-resonant scattering of the 1013 nm laser from |e . A Ramsey experiment shows Gaussian decay that is well-explained by thermal Doppler shifts (see Fig. 2(b) ). At 10 µK, the random atomic velocity in each shot of the experiment appears as a random detuning δ D from a Gaussian distribution of width 2π × 43.5 kHz, resulting in dephasing as |ψ →
However, since the random Doppler shift is constant over the duration of each pulse sequence, its effect can be eliminated via a spin-echo sequence (orange in Fig. 2(b) ). Note that the spin-echo measurements display some small deviations from the numerical simulations, indicating the presence of an additional dephasing channel. Assuming an exponential decay, we measure a fitted T 2 = 32(6) µs and extract a pure Inserting an additional π-pulse (orange) between the π/2-pulses cancels the effect of the Doppler shifts and results in a substantially longer coherence lifetime of T2 = 32(6) µs (fitted to an exponential decay down to 0.5). (c) A single-atom phase gate is implemented by applying an independent 809 nm laser which induces a light shift δ = 2π × 5 MHz on the ground state for time t, resulting in an accumulated dynamical phase φ = δt. The gate is embedded in a spin-echo sequence to cancel Doppler shifts. In each measurement shown here, the 1013 nm laser remains on for the entire pulse sequence, while the 420 nm laser is pulsed according to the sequence shown above each plot. Each data point is calculated from 200 − 500 repeated measurements on single atoms, with error bars denoting 68% confidence intervals. In (b) and (c), the solid lines are fits to experimental data. Dotted lines show the contrast expected from the numerical model, including finite detection fidelity.
−1 = 47(13) µs. We hypothesize that this dephasing may result from residual laser phase noise.
Finally, we demonstrate a single-atom phase gate by applying an independent focused laser that shifts the energy of the ground state |g by 5 MHz. By controlling the duration of the applied laser pulse, we impart a controlled dynamical phase on |g relative to |r . The contrast of the resulting phase gate (embedded in a spin-echo sequence) is close to the limit imposed by detection and spin-echo fidelity.
We next turn to two-atom control. To this end, we position two atoms at a separation of 5.7 µm, at which the Rydberg-Rydberg interaction is U/ = 2π × 30 MHz Ω = 2π × 2 MHz. In this so-called Rydberg blockade regime, the laser field globally couples both atoms from |gg to the symmetric
an enhanced Rabi frequency of √ 2Ω (see Fig. 3(a) ). The measured probabilities for the states |gg , |gr , |rg , and |rr (denoted by P gg , P gr , P rg , and P rr , respectively) show that indeed no population enters the doubly-excited state (P rr < 0.02, consistent with only detection error). Instead, there are oscillations between the manifold of zero excitations and the manifold of one excitation with a fitted frequency of 2π × 2.83 MHz ≈ √ 2Ω (see Fig.  3(b) ).
These collective Rabi oscillations can be used to directly prepare the maximally entangled Bell state |W by applying a π-pulse at the enhanced Rabi frequency (denoted by X W π ). To determine the fidelity of this experimentally prepared entangled state, given by F = W |ρ|W , we express it in terms of diagonal and offdiagonal matrix elements of the density operator ρ:
where ρ αβ,γδ = αβ|ρ|γδ for α, β, γ, δ ∈ {g, r}. The diagonal elements can be directly measured by applying a π-pulse and then measuring the populations. The results closely match those of a perfect |W state after accounting for state detection errors, with ρ gr,gr + ρ rg,rg = 0.94(1), relative to a maximum possible value of 0.95(1).
To measure the off-diagonal elements of the density matrix, we make use of the single-atom phase gate Z (1) φ demonstrated in Fig. 2(c) , which introduces a variable phase on one atom (as demonstrated in [34] ). Specifically, a local beam adds a light shift δ to |gr but not to |rg , such that |W → (|gr − |rg ) according to:
Since |D is uncoupled by the laser field, a subsequent π-pulse maps only the population of |W back to |gg . The probability of the system to end in |gg therefore depends on the phase accumulation time as P gg (t) = A cos 2 (δt/2). Here, the amplitude of the oscillation A precisely measures the off-diagonal matrix elements ρ gr,rg = ρ rg,gr (see [27] for derivation). Note that in order to mitigate sensitivity to random Doppler shifts, we embed this entire sequence in a spin-echo protocol (see Fig. 3(c) ). The resulting contrast is A = 0.88(2) = 2ρ gr,rg = 2ρ rg,gr . Combining these values with the diagonal matrix elements, we have directly measured entanglement fidelity (|gr ±|rg ) can be coupled by a local phase gate on one atom (pink arrow). (b) After driving both atoms on resonance for variable time, we measure the probability of the resulting two-atom states. Population oscillates from |gg to |W at the enhanced Rabi frequency √ 2Ω. (c) We measure the entanglement fidelity of the two atoms after a resonant π-pulse in the blockade regime. A local phase gate Z (1) φ rotates |W into |D , which is detected by a subsequent π-pulse. The fitted contrast 0.88(2) measures the off-diagonal density matrix elements. The phase gate is implemented by an off-resonant laser focused onto one atom, with a crosstalk of < 2%. The measurement is embedded in a spin-echo sequence to cancel dephasing from thermal Doppler shifts. (d) The four components of the density matrix correspond to an entangled state with fidelity F = 0.97(3) (corrected for detection error). Each data point in (b) and (c) is calculated from ∼ 50 and ∼ 250 repeated measurements, respectively, with error bars marking 68% confidence intervals. The solid lines shown in (b) and (c) are fits to experimental data. Dotted lines in (c) mark the limits of detection fidelity.
of F = 0.91 (2) . The maximum measurable fidelity given our state detection error rates would be 0.94(2), so after correcting for imperfect detection, we find that the entangled Bell state was created with fidelity of F = 0.97(3). We note that this fidelity includes errors introduced during the pulses that follow the initial π-pulse, and therefore constitutes a lower bound on the true fidelity.
Finally, we explore the lifetime of the entangled state by exciting |W with a π-pulse and then de-exciting after a variable delay (see Fig. 4 ). The decay in contrast is in good agreement with numerical predictions associ -FIG. 4 . Extension of entangled-state lifetime via dynamical decoupling. We measure the lifetime of |W by exciting |gg to |W and then de-exciting after a variable time (blue). The lifetime is limited by dephasing from random Doppler shifts. Inserting an additional 2π-pulse (orange) in the blockade regime swaps the populations of |gr and |rg to refocus the random phase accumulation, extending the lifetime to ∼ 36 µs (fitted to an exponential decay, shown as the solid orange line). The initial offset in each curve is set by the ground state detection fidelity associated with the given trap-off time. All data points are calculated from 30-100 repeated measurements, averaging over nine independent identically-coupled atom pairs, with error bars indicating 68% confidence intervals. Dotted lines underneath data show predictions from the numerical model, including detection error. ated with random Doppler shifts. In particular, the two components |gr and |rg of the |W state dephase as |W → We extend the lifetime of the two-atom entangled state with a many-body echo sequence. After the |W state has evolved for time T , we apply a 2π-pulse to the twoatom system. In the Rydberg blockade regime, such a pulse swaps the populations of |gr and |rg . After again evolving for time T , the total accumulated Doppler shifts are the same for each part of the two-atom wavefunction, and therefore do not affect the final |W state fidelity. Indeed, Figure 4 shows that its lifetime is extended far beyond the Doppler-limited decay to T W 2 = 36(2) µs. As in the single atom case, we extract a pure dephasing timescale
Remarkably, the Bell state dephasing time T W φ > 100 µs is significantly longer than the single atom dephasing time T φ = 47(13) µs. This can be understood by noting that the states |gr and |rg form a decoherencefree subspace that is insensitive to global perturbations such as laser phase and intensity fluctuations that couple identically to both atoms [35, 36] . In contrast, a single atom in a superposition |ψ = 1 √ 2
(|g +|r ) is sensitive to both the laser phase and the laser intensity. These measurements provide further indications that laser noise is not completely eliminated in our experiment.
Our measurements establish Rydberg atom qubits as a competitive platform for high-fidelity quantum simulation and computation. The techniques demonstrated in this Letter are of immediate importance to ongoing experiments using neutral atom arrays. Furthermore, the demonstrated fidelities can be further improved by increasing laser intensities and operating at larger detunings from the intermediate state, thereby reducing the deleterious effect of off-resonant scattering, or by using a direct single-photon transition. In addition, sideband cooling of atoms in tweezers [37, 38] can dramatically decrease the magnitude of Doppler shifts, while low-noise laser sources such as Titanium-Sapphire lasers or diode lasers filtered by higher-finesse cavities will further eliminate errors caused by phase noise. Advanced control techniques, such as laser pulse shaping, can also be utilized to reach higher fidelities [39] . Finally, state detection fidelities, the major source of imperfections in the present work, can be improved by field ionization of Rydberg atoms or by mapping Rydberg states to separate ground state levels.
We acknowledge A. Browaeys, M. Saffman, G. Biedermann and their groups for many fruitful discussions during the ITAMP workshop, which stimulated this study. We also thank J. Ye and T. Lahaye for many useful discussions and suggestions. The Rydberg pulse that couples the ground state |g to the Rydberg state |r is applied within a time window τ during which the optical tweezers are briefly turned off. Atoms that are left in |g at the end of the pulse are recaptured by the optical tweezers, whereas those left in |r are repelled by the tweezers and lost. We characterize this detection scheme by the ground state detection fidelity f g (the probability for an atom left in |g to be recaptured) and f r (the probability for an atom left in |r to be lost).
The ground state detection fidelity f g for a given sequence in which the tweezers are turned off for time τ is estimated by leaving the Rydberg lasers off and measuring the loss probability due to just the trap-off period. For short trap-off times τ < 4 µs, the loss probability is < 1% so that f g > 0.99. Longer trap-off times reduce this fidelity.
The Rydberg detection fidelity f r is characterized by the assumption that our single atom Rabi oscillation contrast is limited only by detection fidelity and finite coherence. This assumption is reasonable due to independent measurements which confirm our state preparation fidelity to be > 99.5%. From our fitted Rabi oscillations, we extract the amplitude at time t = 0 to estimate the maximum possible loss signal which is typically 96(1)%. We associate the remaining 4% with detection error, such that the Rydberg detection fidelity is f r = 0.96 (1) . This is consistent with careful analysis of the loss mechanism described in [1] .
Rydberg laser alignment onto atoms
We ensure consistent, centered alignment of each Rydberg excitation laser by picking off a small portion of the beam as it is coming to a focus and redirecting it onto a reference CCD camera (see Figure 1b in the main text) . We first identify the location on the CCD camera that corresponds to optimal alignment onto the atoms. This is done by systematically displacing the beam to several different positions, and at each position measuring the intensity on the atoms through a measurement of the light shift on the microwave transition from |5S 1/2 , F = 2, m F = −2 to |5S 1/2 , F = 1, m F = −1 . We fit these measurements, along with their corresponding positions on the CCD, to extract the optimal position. This procedure takes 5 minutes. We then keep the beam aligned onto this position on the camera by feeding back to a computer controlled mirror located one focal length before the final focusing lens. This realignment takes < 5 seconds and is performed every 2 minutes. This alignment procedure is used on both beams.
Numerical model for single atoms
The numerical model is implemented using the Python package QuTiP [2] . It includes the following three effects: We experimentally probe the decay channels of |e by preparing atoms in |g and then applying only the 420 nm light for varying amounts of time. After the 420 nm light is applied at the usual power and detuning, we perform microwave spectroscopy between the |F = 1 and |F = 2 ground state manifolds to determine the final atomic populations. We estimate that population leaves the Zeeman sublevel |g = |5S 1/2 , F = 2, m F = −2 with a 1/e timescale of ∼ 150 µs. We further estimate that population enters the |F = 1 manifold on a timescale of ∼ 600 µs.
The optical scattering rate induced by the blue laser at the known detuning and power, along with the known 6P 3/2 lifetime of 115 ns, leads to an estimated scattering timescale of 45 µs, which is significantly faster than the timescale at which population leaves |g . The dominant decay channel from |e , then, is back into |g .
We therefore make the simplification in the numerical model that scattering events from |e return population to |g . This process is modeled by Lindblad operators √ γ B |g g| and √ γ R |g r|, corresponding to scattering events from the ground state |g or the Rydberg state |r . The simulated timescales are γ B = 1/(40 µs) and γ R = 1/(80 µs).
3. Finite lifetime of the Rydberg state |r . The total effective lifetime of 146 µs is composed of two decay channels:
(1) blackbody stimulated transitions at 300 K to neighboring Rydberg states at a timescale of 230 µs and (2) radiative decay of the Rydberg state to low principal quantum number levels at a timescale of 410 µs [3] .
The simplified numerical model neglects radiative decay and only includes blackbody stimulated transitions to a new Rydberg state, |r , which is dark to the laser field.
Definition of |W state
For experiments with two interacting atoms (as described in Figures 3 and 4 in the main text), the two atoms are coupled homogeneously by the same laser field to the Rydberg state. Strictly speaking, the Hamiltonian is given by
The parameter Ω (taken to be real) is fixed by the laser intensities (which we assume here to be stable), and the parameter k is fixed by the combined wavevector of the two counter-propagating lasers. The parameters x i describe the position of the two atoms along the array axis. In the Rydberg blockade regime where U/ Ω, we project out the doubly excited state |rr such that the only allowed levels are |gg , |gr , and |rg . We therefore rewrite the Hamiltonian as
where we have defined
In the main text, we work in the rotating frame in which the excited state |r incorporates these position-dependent phase factors. Strictly speaking, however, the definition of |W depends on the position of the atoms.
At the finite atomic temperature of 10 µK, the atomic position along the array has a random Gaussian distribution of width ∼ 200 nm. The relative phase e ik(x2−x1) may therefore reach appreciable values. We choose to not include these factors in our calculation of entangled state fidelity since they are fixed relative to the excitation laser system and do not emerge in measurements. Moreover, additional pulses that map Rydberg excitations down to other ground states may effectively erase these phase factors [4] .
Extracting off-diagonal matrix elements of density operator
We consider an initial two-atom state ρ 0 that has the same measured populations as |W = 1 √ 2 (|gr + |rg ) but unknown off-diagonal elements. Then ρ 0 can in general be expressed as
with off-diagonal coherence |α| ≤ 1/2. We aim to measure α, and in doing so to measure the entanglement fidelity of the two-atom system. We consider the following protocol to determine α. First, we apply a local phase shift operation that acts only on the left atom. This is achieved by a tightly focused laser which introduces a light shift on the ground state of the left atom. In the presence of this laser, |gr is shifted by δ whereas |rg is unshifted. After time t, the two states have accumulated dynamical phases |gr → e iδt |gr and |rg → |rg . This operation transforms the density matrix from ρ 0 to ρ φ where ρ φ = 1 2 (|gr gr| + |rg rg|) + (αe iδt |gr rg| + h.c.)
Note that if the state ρ 0 is a statistical mixture of |gr and |rg (that is, α = 0), this phase shift operation does not change the density matrix. We can rewrite ρ φ from eq. 
Finally, a global resonant π-pulse at the enhanced Rabi frequency √ 2Ω maps |W → |gg . The probability to end in |gg is therefore the probability to be in |W after the phase shift operation. Therefore P gg (t) = 1 2 + α cos(δt) = 2α cos 2 (δt/2) + 1 2 − α
The amplitude of the oscillation of P gg (t) as a function of t therefore provides a direct measurement of α. While this derivation holds only for an initial density matrix of the form given in eq. (6), a more general result can be found by considering the unitaries associated with the local phase shift, Z 
For an arbitrary initial density matrix ρ, the final density matrix is ρ = U ρU † where U is the combined unitary U = X W π Z (1) φ . The final probability to measure |gg is then P gg (t) = ρ gg,gg = 1 2 ρ gr,rg e iδt + ρ rg,gr e −iδt + C
where the constant C is independent of the phase accumulation time t. Since ρ gr,rg = ρ * rg,gr = αe iθ for some real amplitude α and angle θ, we have P gg (t) = α cos(δt + θ) + C
We therefore see that for any initial density matrix, the amplitude of the oscillation of P gg (t) as a function of t gives a direct measurement of the off-diagonal coherence between |gr and |rg .
